The Response Surface Methodology (RSM) was applied as a tool for the optimization of the operational conditions of the photo-degradation of highly concentrated PY12 wastewater, resulting from a textile industry located in the suburbs of Medellin (Colombia). The Box-Behnken experimental Design (BBD) was chosen for the purpose of response optimization. The photo-Fenton process was carried out in a laboratory-scale batch photo-reactor. A multifactorial experimental design was proposed, including the following variables: the initial dyestuff concentration, the H 2 O 2 and the Fe þ2 concentrations, as well as the UV wavelength radiation. The photo-Fenton process performed at the optimized conditions resulted in ca. 100% of dyestuff decolorization, 92% of COD and 82% of TOC degradation. A kinetic study was accomplished, including the identification of some intermediate compounds generated during the oxidation process. The water biodegradability reached a final DBO 5 /DQO ¼ 0.86 value.
INTRODUCTION
The environmental impact of wastewater from textile industries is dramatic, taking into account the average quantity of water used during these processes (125-170 L/kg of product) (US EPA ). The residual colorants constitute a big fraction of pollutants presented in the textile wastewater. It is considered that ca. 15% of colorants produced worldwide are not fixed to the final product, and remain in the wastewater (Carneiro et al. ) . Those compounds are characterized with both high stability and toxicity. Moreover, they give a strong coloration to the waterbodies, suppressing the photosynthesis processes. The colorants' structures and attributes are very complex and variable. Many of these have organic origin, solubility in water, high resistance to the action of chemical agents as well as low biodegradability. Frequently, their structure contains azo and ketone groups (e.g. anthraquinone and phthalocyanine).
One of the pigments most utilized by the textile industry is yellow, originating from the diazoacetoacetanilides group. The yellow pigment Diarylide 12 (PY12; molecular formula: C 32 H 26 Cl 2 N 6 O 4 ; λ max ¼ 439 nm) is one of the most utilized due to its brightness, color, and favorable price (Barrow et al. ) . Since the Colombian environmental legislation has become more rigorous towards these kinds of pollutants, the mineralization of residual colorants has been a challenge for both industrial and academic groups. In general, conventional biological treatments are useless for their degradation, basically due to the formation of secondary compounds which in turn are more toxic than their parent substances (Kang et al. ) . Moreover, sedimentation, flocculation, and adsorptive methods are also ineffective for their efficient removal (Kang et al. ) . Recently, the so-called advanced oxidation processes (AOPs) have been introduced. These processes are based on the generation of highly reactive hydroxyl radicals as the primary oxidant. The main advantages of their application are: simplicity in use, accessibility and moderate cost (Nuñez et al. ) . Among the AOPs, Fenton's and photo-Fenton's type reactions are very promising (Feng et al. ) . Fenton's reagent oxidation is a homogeneous catalytic oxidation process which occurs in the presence of H 2 O 2 and ferrous ions mixture. In an acidic environment, if H 2 O 2 is added to an aqueous system containing an organic substrate and ferrous ions, a complex redox reaction occurs as follows (Muruganandham & Swaminathan ):
The ferrous ion initiates and catalyses the decomposition of H 2 O 2 , resulting in the generation of hydroxyl radicals, • OH, a powerful oxidation agent (oxidation potential: 2.8 V). They are able to attack rapidly the organic substrates (RH), causing their chemical decomposition by H-subtraction and addition to C5 5C unsaturated bonds as follows (Benitez et al. ) :
Numerous competing reactions may also take place. They can involve Fe 2þ , Fe 3þ , H 2 O 2 , hydroxyl, hydroperoxyl, and other radicals derived from the substrate. The • OH radicals can be scavenged by reacting with Fe 2þ or H 2 O 2 , as represented below (Equations (5) and (6)):
The Fe 3þ ions formed through reactions (1) and (5) can react with H 2 O 2 , involving • OH and hydroperoxyl radicals and resulting in the regeneration of Fe 2þ ions. According to the literature (Feng et al. ) , the addition of UV radiation to Fenton's process appears to be an interesting option for the decolorization of dyes due to its capacity to influence the direct formation of • OH radicals. Moreover, in addition to reactions (1)-(6), the formation of • OH radicals also occurs by the following processes (Equations (7) and (8)):
This work deals with the implementation of an effective method for the decolorization of a highly concentrated PY12 wastewater resulting from a textile industry located in the suburbs of Medellin (Colombia). The efficiency of the photooxidation process was evaluated and optimized following the response surface methodology (RSM): a statistical technique which allows the establishment of relationships between several independent variables and one or more dependent variables. This situation implies the optimization of the decolorization process: e.g. the dyestuff degradation rate, the inorganic matter content level (chemical oxygen demand, COD), and the mineralization degree (total organic carbon, TOC). The optimization by the RSM involved the following steps: (1) the implementation of the statistically designed experiments; (2) the estimation of the coefficients of a mathematical model using regression analysis technique;
(3) the prediction of the response; and (4) the verification of the adequacy of the model. Among the available statistical design methods, a multi-level Box-Behnken experimental design (BBD) was chosen for the purpose of response optimization, as presented elsewhere (Montgomery ; GilPavas et al. ).
MATERIALS AND METHODS

Wastewater samples
The samples were taken directly from the wastewater stream of the textile industrial plant. Before analysis and treatment in the laboratory, they were kept refrigerated in order to avoid compounds degradation during their storage and transportation, following the standard procedures (Standard Methods, APHA ). The subsequent main characteristics of the wastewater stream were registered: dyestuff ¼ 536 mg/L; COD ¼ 4,585 mg/L; BOD 5 ¼ 618.65 mg/L; BOD 5 /COD ¼ 0.13; TOC ¼ 1,650 mg/L; pH ¼ 6.41; density ¼ 1.02 g/mL; viscosity ¼ 1.49 cP; conductivity ¼ 1,190 mS/cm; color ¼ intense yellow.
As is well known, the BOD 5 /COD ratio of wastewater is used to express its biodegradability. When the BOD 5 /COD ratio is higher than 0.35, the wastewater is considered to be biodegradable. In this study, the initial BOD 5 /COD ratio of the wastewater equalled 0.13, indicating that the analyzed effluent was only slightly biodegradable.
For the evaluation of the photo-oxidation process, fractions of the former sample were diluted with ultra pure water (Milli-Q system; 18.0 MΩ cm resistivity) and different initial dye concentrations were obtained.
Reagents
All reagents were of analytical grade: FeSO 4 · 7H 2 O (99%), H 2 O 2 (30%), and H 2 SO 4 (98%); furnished by Merck and used in the photo-Fenton process without further purification. The corresponding reagent solutions were prepared using ultra pure water (Milli-Q system; 18.0 MΩ cm resistivity).
Photo-reactor
The 
Analytical methods
The samples taken each time were analyzed by a UV-Vis double-beam spectrophotometer (Spectronic Genesys 2PC) in the range of 200-700 nm. The dye concentration in the treated wastewater was determined from the absorbance at 439 nm wavelength using the calibration curve. The evolution of intermediate compounds, generated during the photo-oxidation process, was followed by high pressure liquid chromatography (HPLC-UV, AGILENT). Standard methods (APHA ) were used for the quantitative analysis of COD, TOC, and biological oxygen demand (BOD 5 ). The COD analyses were performed following the closed reflux method with colorimetric measurements (method 5220D); the TOC measurements were carried out with a Shimadzu analyzer (model TOC-5000A) following the method 5310D; and BOD 5 measurements were performed following the respirometric method (5210B). The evolution of H 2 O 2 concentration during the reaction was determined by iodometry, as follows: the samples were placed in a quartz cuvette of the spectrophotometer (Spectronic Genesys 2PC) containing the reagent (0.1 M potassium iodide and 0.01 m ammonium heptamolybdate), and the absorbance, at 350 nm, was recorded.
The efficiency of the photo-Fenton process was calculated as the dye, COD, and TOC degradation percentages (%DD, %DCOD, and %DTOC, respectively). For example, the %DD was calculated using the following equation:
where C 0 and C correspond to the initial and final dye concentrations, respectively.
Experimental design and statistical analysis
The RSM was chosen and implemented to establish the optimal operational conditions of the photo-Fenton process. A multifactorial BBD was defined in order to evaluate the influence of several parameters including: H 2 O 2 concentration, Fe 2þ concentration, initial dyestuff concentration, and UV radiation. The experiments were programmed using Statgraphics 5.1. Fifteen tests were randomly made in order to avoid any systematic error. From preliminary experiments (not presented here), three different levels (values) were chosen for each of the four following variables: initial dye concentration (mg/L) ¼ 256, 393, 512; H 2 O 2 concentration (mL/L) ¼ 1, 1.5, 2; Fe þ2 concentration (mM) ¼ 0, 0.75, 1; and UV wavelength (nm) ¼ 365, 310, 254. The variables were coded according to Equation (10):
where X i is the code level, x i is the uncoded value, x pc corresponds to the uncoded value at the central point, and Δx i is the change value between levels (Montgomery ). For the RSM, the experimental results were adjusted to a second order multivariable polynomial (Equation (11)):
where Y i was the response variable; β 0 , β i , β ii , and β ij were the regression coefficients which correspond to the intersect, lineal, quadratic, and interactions, respectively; and X i and X j are the independent variables. The quality of this model and its prediction capacity are related to the variation coefficient, R 2 .
RESULTS AND DISCUSSION
Photo-degradation studies
For all experiments, a 2 h reaction time was established and the %DCOD was chosen as the response variable. Initially, a four variable-three level group of experiments was designed. The highest %DCOD (92.80) was attained under the following experimental conditions: Fe þ2 concentration ¼ 0.75 mmol/L; H 2 O 2 concentration ¼ 1.5 mL/L; UV wavelength ¼ 310 nm; and initial dye concentration ¼ 393 mg/L. The probability plots are one of the most widely used analysis tools to identify data reliability. Therefore, as shown in Figure 1 , a normal probability plot, presents the effect of each variable on the %DCOD during the photo-degradation process. As can be seen, no significant effect of the Fe þ2 concentration on the %DCOD is observed. The %DCOD reached ca. 92. Figure 2 shows as an example the UV-Vis spectra of the PY12 degradation process obtained using 0.5 mM Fe þ2 concentration. One can see that before treatment (time ¼ 0 min), its UV-Vis spectrum consisted of two main characteristic absorption bands: one in the UV region, with maximum at 246 nm, characteristic of two adjacent rings of PY12 ( Figure 2) ; and the other one in the visible region, with maximum at 439 nm, being a feature of two azo groups presented in the pigment. After 30 min of the degradation process, the absorption band observed in the visible region disappears. Moreover, a significant decrease in the intensity of the absorption band in the UV region was observed. Generally, up to a certain level, the higher ferrous salt concentration can generate a higher degradation rate of organic compounds. However, the further addition of ferrous ion becomes inefficient probably due to the consumption of the • OH by the ion excess. In this work, in the studied range of Fe 2þ concentration (0.5-1 mM) no significant change in the %DCOD was detected. Therefore, a 0.5 mM Fe 2þ concentration was selected for the final experimental design. This value is consistent with those reported elsewhere (Liu et al. ; GilPavas & Gómez-García ). Thus, a new set of three variables and levels experiments was designed. The highest %DCOD was 92.11, which corresponds to UV wavelength ¼ 310 nm, H 2 O 2 concentration ¼ 1.5 mL/L, and an initial dye concentration of 393 mg/L.
According to the statistical analysis (ANOVA, not presented here), the p-value of the analyzed variables (initial dye concentration, H 2 O 2 concentration, and their interactions: BB and CC) present values 0.05. This result implies that, with a 95% interval confidence, those variables influence the %DCOD (Montgomery ). On the other hand, the effect of the UV wavelength on the dye degradation is not as significant. However, it has some importance and should not be ignored. The quadratic regression model allows for adjustment of the obtained results to a function of the three factors involved in this study (Equation (12) 
The comparison of the obtained results with the values predicted using the quadratic regression method (Equation (12)) is presented in Figure 3 . One can see that the model explains adequately the obtained experimental results (with a correlation factor R 2 equal to 0.9476).
In order to maximize the %DCOD, several additional analyses were developed using the Box-Behnken response surface method. The H 2 O 2 and the initial dye concentrations were varied in a wide range, keeping constant the optimized UV wavelength at 310 nm. The statistical analysis of the obtained results predicts the conditions for the maximum of %DCOD, as follows: initial dye concentration ¼ 480 mg/L; H 2 O 2 concentration ¼ 21.6 mM, Fe þ2 ¼ 0.5 mM; and UV wavelength ¼ 310 nm.
Kinetics studies
At optimized conditions, a kinetic analysis was developed by monitoring the COD, the TOC and the dye concentrations, as a function of time. All experiments were performed during 180 min, at pH ¼ 3, and at 25 W C.
The dye degradability was evaluated measuring the sample absorbance and its concentration. It was found that dye degradation reached 99.8% after 120 min (Figure 4) . The correlation between ln(C i /C io ) and the irradiation time was linear, as in the case of a typical first-order plot (Fogler ) . The kinetic constant was 0.1125 min À1 . It is known that the reaction intermediates (mainly oxalic and fumaric acid, but highly dependent on initial dye concentration) can be formed as a result of azo dye oxidation. Moreover, some of them are characterized with a stability and toxicity much higher than their parent compounds (Kang et al. ) . Therefore, in order to evaluate appropriately the degradation level which can be reached using the photo-Fenton process, it is necessary to understand the details of the PY12 dye mineralization. Figure 4 presents the degradation percentages of the dye, COD, and TOC achieved with the photo-Fenton process. As can be seen, dye degradation is more effective than TOC and COD. It could be related to the fact that, in the earlier stages of wastewater oxidation, some partially oxidized intermediate compounds, which are unable to absorb UV radiation can be formed. As the process runs, the created intermediate compounds increase their oxidation state, finally achieving the partial mineralization. This situation suggests that the oxidation would preferably occur on the chromophore structure rather than on the dye molecule skeleton. The obtained mineralization degrees after 180 min (COD ¼ 91.8%, TOC ¼ 81.7%, and aromatic fragment ¼ 93.5%) are lower than that of dye decolorization (100%). However, it is extremely important to note that the complete dye decolorization does not mean its complete oxidation into CO 2 and H 2 O. During the dye degradation the formation of some intermediate compounds is very probable. We believe that in the case of PY12 degradation a similar process takes place. As presented above, the • OH radicals can react with most of the organic compounds by hydrogen abstraction from or addition to double bonds (Benitez et al. ) . In the case of PY12, the • OH radicals first attack azo groups and open the N5 5N bonds, destroying the long conjugated p systems, and causing decolorization. Considering that C-C and C5 5C bonds, present in the aromatic ring structures, are stronger than N5 5N bonds, the ring opening needs more time (Ramesh et al. ) . Consequently, the aromatic fragments remaining after the oxidation process can be considered as the intermediate compounds. The formation of similar photo-products during the experiments performed using different UV wavelengths was observed. However, their relative proportions were different, indicating variation in their quantities. The concentrations of the observed photo-products changed according to the applied UV wavelength as follows: oxalic acid (208 mg/L) for 254 nm, oxalic acid (10.44 mg/L) and fumaric acid (3.42 mg/L) for 310 nm and oxalic acid (45.1 mg/L) and fumaric acid (7.41 mg/L) for 365 nm. 
